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Concentric gratings that expand outwards are seen for a greater period of time relative to contracting gratings when engaged in bin-
ocular rivalry. During binocular rivalry (BR), which is a ﬂuctuation in visual awareness between diﬀerent images presented separately to
each eye, equivalent images tend to be seen in equal proportion over the observation period. When one eye’s image is particularly salient,
brighter, or moving, this equality is curtailed, and the stronger image predominates. Here a speciﬁc direction of motion is found to pre-
dominate over another of equal speed. This tendency is consistent with the ability of looming objects to orient attention, coupled with
previous accounts of the role of stimulus-driven attention in BR.
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Binocular rivalry is an unusual perceptual phenomenon
that occurs when each eye is presented with one of two dis-
tinct images (Blake & Logothetis, 2002; Alais & Blake,
2005). Rather than see the two diﬀerent images fused or
superimposed, a temporal alternation occurs in which
one eye’s input is seen to the exclusion of the other’s in
an independent, stochastic series (Fox & Herrmann,
1967). Binocular rivalry is a widely studied area of vision
science, in part because it provides a dissociation between
the physical stimulus and perceptual awareness of it, an
aspect which has made it a suitable experimental paradigm
for studies of visual awareness. A more fundamental point
of interest is the underlying mechanism of rivalry which is
not yet completely understood. One major debate has con-
cerned whether rivalry is caused by early and low-level
interactions between monocular channels or by competing
visual object representations at a later stage (Blake &
Logothetis, 2002 NRN). More recently it has been sug-0042-6989/$ - see front matter Crown copyright  2007 Published by Elsevie
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E-mail address: amandap@psych.usyd.edu.au (A. Parker).gested that rivalry may be a distributed process, capable
of occurring at several levels of the visual pathway (Free-
man, 2005; Nguyen, Freeman, & Alais, 2003; Ooi & He,
2003; Wilson, 2003).
It has been proposed that binocular rivalry results from
competition between populations of monocular neurons
responding to each eye’s input at some relatively early
point in the visual cortex (Tong & Engel, 2001; Blake,
1989). Such a process would need to happen early in the
visual hierarchy where neurons still carry eye-of-origin
information. In contrast, single-cell studies in awake mon-
keys show that neural ﬂuctuations correlating with percep-
tual alternations during rivalry are rather weak in early
cortex but increase at successive stages along the visual
processing hierarchy (Leopold & Logothetis, 1996; Logo-
thetis & Schall, 1989; Sheinberg & Logothetis, 1997). Very
recently, however, human fMRI studies have refocussed
the discussion regarding the origins of rivalry on early
visual areas by showing that ﬂuctuations corresponding
to rivalry perception occur in visual area V1 (Polonsky,
Blake, Braun, & Heeger, 2000) and even in the LGN
(Haynes, Deichmann, & Rees, 2005; Wunderlich, Schnei-
der, & Kastner, 2005). This suggests an important role
for lateral interactivity between neurons as well as feedbackr Ltd. All rights reserved.
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rivalry were limited to early local competition there would
be no rivalry between global stimuli (e.g., faces, global
motions) represented in areas beyond LGN and V1 (Alais
& Melcher, 2007; Alais & Parker, 2006).
It is well known that when the stimulus given to one eye
is brighter, higher in contrast or contains motion, it has a
stronger tendency to be seen than a duller or stationary
rival stimulus (Blake, Yu, Lokey, & Norman, 1998; Levelt,
1965; Wade & de Weert, 1986). This overall ‘predomi-
nance’ of one target over a rival is usually achieved by a
reduction in the average suppression duration of the dom-
inant target, rather than an actual increase in its dominance
duration. This is known as Levelt’s second proposition
(Levelt, 1965) and it has been conﬁrmed in a wide range
of rivalry conditions, although it does not hold for motion
stimuli and for certain contrast relationships (Bossink,
Stalmeier, & de Weert, 1993; Brascamp, van Ee, Noest,
Jacobs, & van den Berg, 2006). In this paper, we examine
predominance using rivalling global motion stimuli (expan-
sion vs. contraction) and demonstrate a qualitative rather
than a quantitative eﬀect in predominance which indicates
greater strength for expansion.
Expanding patterns of movement indicating the
approach of an object may be more perceptually important
than receding motion because they can signal collision and
may require an immediate, defensive response. There is
some debate concerning whether approaching but not
receding motion can capture attention (Abrams & Christ,
2005; Abrams & Christ, 2006; Franconeri & Simons,
2003; Franconeri & Simons, 2005). Its seems that both
these types of motion can capture attention in visual search
tasks, however the possibility that approaching objects are
more eﬀective than receding ones, especially when motion
onsets are omitted, was not directly addressed. Franconeri
and Simon’s initial ﬁnding suggests that this may be the
case. Neurophysiological evidence indicates that areas of
the visual cortex sensitive to optic ﬂow patterns of motion
respond more strongly to expanding than to receding
motion. A single-cell study of monkey MSTd found a
greater preponderance of neurons sensitive to expanding
optic ﬂow as opposed to receding (Graziano, Andersen,
& Snowden, 1994). This may arise due to the prevalence
of expansion in normal experience; forward self-movement
is the norm hence a stronger neural response to this direc-
tion would be developed. In the behavioural component of
one functional MRI study, subjects did not report seeing
any motion aftereﬀect for receding concentric grating stim-
uli, but strong motion aftereﬀects from expanding motion
were reported (Berman & Colby, 2002). Given these asyn-
chronies between expansion and contraction it seems likely
that they might manifest in BR when pitted against each
other. Here, continuous versions of these two directions
of motion will be compared under conditions of binocular
rivalry. If expanding motion is a more salient stimulus in
terms of behaviour or neural response it will predominate
over a receding motion of the same speed.We ﬁnd that looming/expanding stimuli do predominate
over receding/contracting stimuli, even though the rival
motions have equal but reversed speed proﬁles and are thus
locally identical. Rivalry predominance in this case there-
fore appears to be determined qualitatively, rather than
in quantitative terms of ‘stimulus strength’ (Levelt, 1965).
This eﬀect appears to be very robust as it persists even
when the receding motion has a higher temporal frequency
than the looming motion.
2. Experiment 1: Rivalry between looming and receding
motion
The ﬁrst experiment looked at binocular rivalry between
looming and receding concentric gratings. Looming is a
salient visual cue for survival as it may indicate approach-
ing danger or collision. Quickly approaching objects cap-
ture our attention involuntarily in order for us to
respond quickly, demonstrated in visual search paradigms
(Franconeri & Simons, 2003). This kind of stimulus driven
or exogenous attention can be viewed as a diﬀerent kind of
process from endogenous attention deployed voluntarily
by an observer. Both types of attention have been shown
to aﬀect binocular rivalry (Ooi & He, 1999). Selectively
attending to one of the rival targets can moderately extend
its average dominance period relative to its rival stimulus
(Lack, 1978; Ooi & He, 1999), and overall, attention
appears to speed up rivalry alternation rate (Paﬀen, Alais,
& Verstraten, 2006). The eﬀects of attention have been
found to be stronger for other types of perceptual bistabil-
ity which involve no interocular conﬂict such as reversible
ﬁgures like the Necker cube (Meng & Tong, 2004). Attend-
ing either endogenously or exogenously to a target just
prior to rivalrous presentation will usually cause that target
to predominate in the ﬁrst phase of rivalry (Chong &
Blake, 2006; Mitchell, Stoner, & Reynolds, 2004). Unlike
voluntary attention, the exogenous kind can aﬀect a rival
image during perceptual suppression. Transient events pre-
sented to a suppressed eye tend to produce a swap to that
eye’s stimulus. The ‘pop out’ of an odd target in visual
search achieves a similar result, even when transients are
removed from the presentation (Ooi & He, 1999).
Experiment 1 examines rivalry between looming and
receding concentric gratings. Because looming visual
objects are an eﬀective stimulus for activating stimulus-dri-
ven attention, we expect there to be a bias in predominance
favouring looming rather than receding stimuli.
2.1. Subjects
Fourteen subjects participated in Experiment 1. All had
normal or corrected-to-normal vision. One subject was the
primary author. Ten participated for course credit in an
introductory psychology course and 4 were experienced
in perceptual observation. Ten were female, the other 4
male. All but the author were naı¨ve as to the purpose of
the experiment.
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Two concentric sine wave gratings were used as rival
stimuli. They subtended 2 of visual angle at the viewing
distance of 57 cm, had 25% Michelson contrast, a mean
luminance of 31 Cd/m2, and a spatial frequency of 3 cpd.
They were presented in a Gaussian envelope in the same
manner as a Gabor patch. The concentric gratings were
phase shifted to appear to either expand or contract. The
magnitude of the phase shift was increased exponentially
over a 1-s period from a baseline increment of 1 cycle per
second to a maximum of 4 cycles per second, after which
the increase was rapidly tapered oﬀ (see Fig. 1a). These
phase shifts were used in order to make the concentric grat-
ing appear to loom in an ecologically valid way, with an
accelerating size/speed change. This speed proﬁle was
reversed to produce the receding stimuli. Continuous
motion was created by repeating these proﬁles in a loop.
The looming/receding gratings were presented one on each
side of a CRT monitor and viewed through a mirror stereo-
scope to produce binocular rivalry. In condition A (n = 4),
both rival gratings were looped at 1 Hz. In condition B
(n = 5), the looming grating was looped at 1 Hz and the
receding at 3 Hz. In the last condition C (n = 5), the loom-
ing grating was looped at 3 Hz and the receding 1 Hz.
These last two conditions were included to enable examina-
tion of the alternation patterns for each direction relative
to the onset of the motion (not possible when both rival
stimuli are pulsed in phase).
2.3. Procedure
Before each trial two black apertures were presented on
each side of the screen. The mirror stereoscope was
adjusted for each subject to achieve comfortable fusion.
When ready a trial was initiated by pressing any key. In
2-min trials, the ﬁve observers recorded their alternating
dominance periods by holding down one of two keys. A
total of four trials were collected for each of the three rival
conditions (a total of 8 min each). Between trials the stimuli
were interchanged between the eyes. After each trial the
screen went blank and the observer could rest for a self-
determined period before resuming. During recording,
observers were instructed to maintain ﬁxation on the centre
of the rival gratings. They were also instructed to hold
down both keys to record instances of mixed or ‘piecemeal’
rivalry where neither direction was exclusively dominant.
All participants were given ample experience observing
and recording their rivalry perceptions prior to testing.
2.4. Results and discussion
The data from Experiment 1 are shown in Fig. 1. In
panel b it can be seen that over the combined 8 min of riv-
alry dominance tracking, looming motion predominated
signiﬁcantly longer than receding motion in all conditions
on paired t-tests (condition A: t = 5.601, p < .01, conditionB: t = 4.723, p < .01, condition C: t = 2.673, p < .01). In
each condition, the diﬀerence between the two dominance
totals and the total observation period of 480 s represents
total piecemeal duration. We also tested whether there
was any diﬀerence between the total dominance times
for each motion direction pulsed at diﬀerent rates. There
were no signiﬁcant diﬀerences between the looming condi-
tions (t = 1.115, p > .05), nor the receding conditions
(t = 1.09, p > .05) using Bonferroni’s Multiple Compari-
son test.
The advantage of looming motion over receding can
also be seen in the mean dominance periods shown in
Fig. 1c. Looming predominance persisted even when reced-
ing motions were pulsed in faster 3 Hz cycles and was sig-
niﬁcant for all conditions on paired t-tests except condition
C, where the 3 Hz looming cycle was used (A: t = 5.345
df = 3, p = .0064; B: t = 3.549, df = 4, p = .0119; C:
t = 1.528, df = 4, p = .1006). Across the three conditions,
the mean dominances were very similar, and not surpris-
ingly we observed no signiﬁcant diﬀerences between condi-
tions for alternation rate, mean number of swaps, nor
proportion of coherent (non-piecemeal) rivalry.
Fig. 1d–f shows the distributions of dominance dura-
tions for the three conditions tested, ﬁtted with a Gamma
distribution. The ﬁts to the looming stimuli all have a lower
peak and broader upper tail than those for receding
motion. To test the signiﬁcance of these apparent diﬀer-
ences we represented the same data in cumulative form
(e.g., Fig. 4) and analysed it using the Kolmogorov–Smir-
nov (KS) statistic. The KS statistic is a sensitive non-para-
metric test that can be used to test whether the distance
between two cumulative distributions is signiﬁcant. As such
it is ideal for examining diﬀerences between distributions of
BR dominance durations, providing more information
than a test of mean duration alone. For all conditions,
the looming vs. receding diﬀerence was found to be signif-
icant (condition A: d = 0.38, p < .01; condition B: d = 0.26,
p < .01; condition C: d = 0.22, p < .01, see Fig. 4a–c). There
is a possibility that reporting bias may have inﬂuenced our
results by, for example, faster responding to a change to a
looming motion from its receding rival or a piecemeal state.
However this seems unlikely for two reasons; the majority
of the subjects were naı¨ve as to the hypothesis of the exper-
iment and had no reason to favour one stimulus over the
other. Secondly, the importance of accurately recording
their perception was heavily emphasised.
Finally, we checked to see whether there was any ten-
dency for the predominance of looming over receding stim-
uli to vary over the observation period. In particular, since
looming stimuli are attentionally salient and attention has
been shown to bias the early phase of rivalry to the
attended target (Chong & Blake, 2006; Mitchell et al.,
2004), we wished to know whether this might account for
the predominance of looming. Overall, we found no ten-
dency for the looming predominance to change over the
observation period, although all subjects reported begin-
ning their rivalry alternation with looming as dominant.
Fig. 1. Results of Experiment 1. (a) The speed ramps used for each BR pair in Experiment 1. (b) The sum of dominance durations for each rival stimulus. (c)
Meandurationofperceptual dominance for each rival stimulus. (d–e)Frequencydistributionsof dominancedurationsplotted for each stimulus for conditions
1, 2 and 3 respectively. Distributions were normalised in order to highlight diﬀerences between the shapes of the distributions rather than the area.
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contracting motions
In order to further clarify the predominance ﬁndings for
looming motion found in Experiment 1, binocular rivalrybetween continuous linear expansion and contraction was
examined. This was done using the same expanding/con-
tracting concentric gratings used in Experiment 1, with
the diﬀerence that the speed proﬁles were linear expan-
sions/contractions rather than non-linear accelerations/
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determine whether it is the exponentially increasing speed/
size that is needed to elevate looming predominance in riv-
alry. In addition, we measured rivalry for two other kinds
of stimuli: expanding/contracting coherent random dot
motions (condition B), and expanding/contracting ﬁltered
noise images (condition C, See Fig. 2). The reason for these
conditions is that the bias found in Experiment 1 for loom-
ing gratings may be speciﬁc to coherent contours that
expand consistently with an approaching visual object. If
so, then we may not observe the same looming bias for ran-
dom dots or ﬁltered noise since the discontinuous features
in these stimuli, despite expanding and contracting like a
retinal ﬂow ﬁeld, do not contain coherent and spatially
continuous objects. Because of this, although the two ran-
dom stimuli resemble patterns of expansion/contraction
perceived during self-motion, only the concentric contours
would expand coherently like an approaching visual object.
If the salience of expansion in rivalry is conﬁned to spa-
tially coherent stimuli, it would indicate that this bias is
tied to object processing.
3.1. Subjects
Eight subjects participated in Experiment 2, 5 female
and 3 male. All had normal or corrected-to-normal vision.
Seven of these were new subjects who participated in return
for credit in an introductory psychology course. Three of
the naı¨ve subjects participated in all three conditions. The
other four participated in only one condition each. The pri-
mary author also participated in condition 2.
3.2. Visual stimuli
Three diﬀerent kinds of visual stimuli were used and
are illustrated in Fig. 2. Condition A: The same two con-
centric grating stimuli (with a RMS contrast of 10%) used
in Experiment 1, but without the accelerating/decelerating
speed ramps. Instead an intermediate and constant (lin-
ear) speed of 2 cycles per second was used. Condition
B: Expanding and contracting coherent random dot
motion arrays were presented in circular apertures 80 pix-
els wide (2 of visual angle). The background luminance
was 0.3 cd/m2 with dots of 8% RMS contrast. There were
150 dots, each 3 pixels wide and moving 2 pixels per
frame at 85 Hz screen refresh rate yielding an overall
speed of 2.25/s. Condition C: Four band-pass ﬁltered
(minimum SF 1 cycle p/deg maximum: 20 cycles p/deg)
random intensity noise patterns (RMS contrast of 13%)
that drifted either toward or away (approx. 1.86 deg
visual angle per second) from the centre of the stimulus
array were used as the rival stimuli. Although the inci-
dence of coherent (complete) visual dominance of the
two eye’s inputs will likely be reduced by quartering the
image into independent sectors, the periods in which the
whole stimulus is perceived to expand or contract can still
be compared.3.3. Procedure
For all three conditions of Experiment 2 the procedure
was the same as that used in Experiment 1. Five observers
participated in condition A (concentric gratings). Four
subjects (including author AP) participated in condition
B (random dots) and four in condition C (ﬁltered random
intensity noise). The task was to monitor periods of exclu-
sive visibility of expansion and contraction, as in Experi-
ment 1.
3.4. Results
The data from Experiment 2 are shown in Fig. 2. In con-
dition A, expanding concentric gratings predominated over
contracting ones, similar to what was reported in the ﬁrst
experiment. The diﬀerence was signiﬁcant for both the total
dominance durations (Fig. 2a: one-tailed t-test t = 3.994,
df = 4, p < .01) and mean dominance durations (Fig. 2b:
t = 3.995, p < .01). For four of the ﬁve subjects, expansion
was initially dominant phase of rivalry, in each of the four
2-min recording blocks.
The distributions of dominance durations for expansion
and contraction are shown in Fig. 2d. They follow the same
pattern as those obtained in Experiment 1 (where the stim-
ulus was a repeating series of accelerations/decelerations)
in that the gamma distribution ﬁt to the looming data
has a lower peak and a broader upper tail than the receding
data. The distributions were signiﬁcantly diﬀerent on the
Kolmogorov–Smirnov test (K–S d = 0.58, p < .0001, see
Fig. 4d).
In conditions B (random-dot motion) and C (ﬁltered
random noise), interestingly, there was no tendency for
expansion to predominate over contraction. For the ran-
dom-dot motion, both the total dominance time (Fig. 2a:
t = 0.6451, df = 4, p > .05) and the average dominance
duration (Fig. 2b: t = 0.7610, df = 4, p > .05) were similar
for both types of motion. The equality of dominance
between the two random-dot motions is evident in
Fig. 2a and b and the gamma distributions in Fig. 2e,
which were not signiﬁcantly diﬀerent on the Kolmogo-
rov–Smirnov test (K–S d = 0.17, p > .05, Fig. 4e). Simi-
larly, using ﬁltered random noise, there was no
dominance bias for expansion. This was true for both total
dominance time (Fig. 2a: t = 0.3261, df = 3, p > .05) and
mean dominance duration (Fig. 2b: t = 2.043, df = 3,
p > .05), and for the Kolmogorov–Smirnov test on the dis-
tributions of dominance times in Fig. 2f (K–S d = 0.07,
p > .05, Fig. 4f). This suggests that the bias documented
in Experiment 1 and in condition A of Experiment 2 is
not due to a fundamental bias for a certain direction of
motion but is speciﬁc to the expanding size of a coherent
object deﬁned by continuous contours.
Finally, the proportion of the total observation time
that coherent rivalry alternations were perceived (Fig. 2c)
diﬀered between the three conditions (F = 7.624, p < .01,
with the following condition means: A = 0.83, B = 0.65,
Fig. 2. Results of Experiment 2. (a) The total time each direction was reported perceptually dominant during BR between the three rival pairs examined in
Experiment 2. (b) The average duration of rivalry dominance for each stimulus. (c) Proportion of coherent rivalry (non-piecemeal) for each of the three
conditions. (d–e) The normalised frequency distributions of the BR dominance durations. A gamma function was the best ﬁt for these distributions. Only
the rivalry between expanding and contracting concentric grating stimuli show a marked diﬀerence in the ﬁt parameters.
2666 A. Parker, D. Alais / Vision Research 47 (2007) 2661–2674C = 0.53). As anticipated, this was mainly due to signiﬁ-
cantly lower rivalry coherence in condition C (ﬁltered ran-
dom noise, and is borne out by the contrasts between the
means involving condition C (A vs. B: t = 2.436, p > .05;
A vs. C: t = 3.840, p < .01; B vs. C: t = 1.543, p > .05).
The reason for this is most likely that the ﬁltered noisestimulus was spatially quartered, with each quarter drifting
towards (or away from) the centre of the display along
diagonal axes, instead of undergoing a global expansion/
contraction like the other two conditions. Overall, how-
ever, mean alternation rates across conditions did not diﬀer
signiﬁcantly between conditions (F = 0.4712, p > .05).
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The results with respect to the dominance bias and the
type of motion proﬁle (accelerating vs. linear) are very
clear. In condition A, where the same stimulus as in Exper-
iment 1 was used (i.e., concentric sine-wave gratings), a
dominance bias favouring expanding over contracting
stimuli was still observed. Clearly then, whether the motion
proﬁle was accelerating or linear was of no consequence for
the dominance bias as in both cases a strong advantage to
looming/expanding to dominate was observed. It is possi-
ble that the reason for this is the rather small size of the
stimuli, since larger stimuli would exhibit more pro-
nounced local speed diﬀerences between the outer and
inner portions of the stimulus. This is really a moot point
since in most circumstances binocular rivalry targets are
deliberately small in area to minimise the likelihood of
piecemeal rivalry. However, it is noteworthy that neurons
responsive to global expansions are found beyond V1 in
areas where receptive ﬁelds are quite large (Duﬀy & Wurtz,
1991; Komatsu & Wurtz, 1988) and greater perceptual sal-
ience of accelerating approaching movement might there-
fore be achieved with stimuli subtending larger viewing
angles. In any event, for the stimulus size we employed
(2 visual angle in diameter) there was no diﬀerence
between accelerating and linear speed proﬁles.
The most interesting outcome of Experiment 2 was that
no dominance bias was observed for the two stimuli with
random spatial structure: the random-dot motion and the
ﬁltered visual noise. This therefore qualiﬁes the ﬁrst conclu-
sion from this experiment in that expansion alone is not
suﬃcient to produce a dominance bias over contraction—
it must be expansion of spatially coherent contours. The
basis for this is probably attentional. The random motion
and random noise stimuli created percepts of expanding
or contracting surfaces, but not of approaching/looming
objects. Only the concentric grating created this impres-
sion, with the coherent size change of the circular rings
as the stimulus expanded from the centre. It is for this rea-
son that we favour an attentional interpretation, since
looming objects are salient for grabbing attention in a stim-
ulus-driven manner, as noted in Section 2.
4. Experiment 3: Rivalry between static radial gratings and
expanding/contracting concentric gratings
To learn more about the predominance found in the pre-
vious two experiments, we pitted expansion and contrac-
tion (separately) against a static radial grating. Binocular
rivalry between static radial gratings and expanding/con-
tracting concentric gratings has been examined previously
by Wade and de Weert (1986), although their concentric
grating stimulus alternated continuously between expan-
sion and contraction. For this reason, it is not possible to
determine from their data whether there was any bias for
expansion to predominate over contraction. Experiment 3
compares separately rivalry between static and expandinggratings, and rivalry between static and contracting
gratings.
4.1. Subjects
Five subjects participated in Experiment 3 across all
conditions. Of these, four were naı¨ve as to the purpose of
the experiment and participated in return for credit in an
introductory psychology course and had not participated
in either Experiments 1 or 2. The other was the primary
author. All had normal or corrected-to-normal vision.
4.2. Methods
The same concentric gratings described in condition A
of Experiment 2 were used. The static radial gratings were
the same dimensions and contrast as the concentric grat-
ings and had a radial spatial frequency of 8 cycles/rev. Fol-
lowing the same procedure used in the previous
experiments, 5 observers tracked alternations in dominance
between a static radial grating rivalling with: a static con-
centric grating (condition A), an expanding concentric
grating (condition B), or a contracting concentric grating
(condition C).
4.3. Results
The results of Experiment 3 are shown in Fig. 3. The
mean durations (Fig. 3a) and total dominance times
(Fig. 3b) of the radial and concentric gratings across the
three conditions were signiﬁcantly diﬀerent (one-way
repeated measures ANOVA, mean duration F = 5.878,
df = 9, p < .05, total time F = 33.39, df = 9, p < .01). When
both rival stimuli were static (condition A), the concentric
grating appears to predominate slightly over the static
radial grating, a point also noted by Wade and De Weert
(1986). However, this tendency did not reach statistical sig-
niﬁcance as neither total time dominant across the com-
bined 8-min observation period (Bonferroni post test
contrasts; t = 2.397, df = 9, p > .05) nor the mean domi-
nance duration (t = 1.416, p > .05) were signiﬁcantly diﬀer-
ent between the two static gratings. However, the distance
between the normalised dominance distributions was sig-
niﬁcantly diﬀerent when converted into cumulative form
and compared with the Kolmogorov–Smirnov test (K–S
d = 0.3, p < .01, see Fig. 4g).
Not surprisingly, once the concentric stimulus was set in
motion (conditions B & C) the patterns of dominance
changed dramatically. For expanding concentric gratings,
both total dominance time (Fig. 3a: t = 10.65, df = 3,
p < .01) and mean dominance duration (Fig. 3b:
t = 3.864, df = 3, p < .01) were signiﬁcantly higher than
was observed for the static radial grating. Contracting con-
centric gratings followed a similar pattern, but only
reached signiﬁcance where total time is considered
(Fig. 3a, total dominance time: t = 6.711, df = 3, p < .05).
No diﬀerence was found between the mean duration of
Fig. 3. Results of Experiment 3. (a) The sum total of dominance durations across the observation period is shown for the three rivalry pairs examined in
Experiment 3. (b) The mean dominance durations for these rival pairs. (c–e) The distributions of dominance; between the static gratings (c), expanding and
static gratings (d) and contracting and static gratings (e). Adding motion appears to be the primary determinant of increased predominance when
considering the sum and distribution of dominance of an image relative to a static rival. However, only the expanding grating mean duration diﬀered
signiﬁcantly from its static rival.
2668 A. Parker, D. Alais / Vision Research 47 (2007) 2661–2674the static rival and contracting grating (Fig. 3b, mean dom-
inance duration: t = 2.408, df = 3, p > .05). The dominance
distributions for each condition are plotted in Fig. 3c–e,
and all were signiﬁcantly diﬀerent on the Kolmogorov–
Smirnov distance test (A: K–S d = 0.3, p < .01; B: K–S
d = 0.53, p < .01, C: K–S d = 0.32, p < .01, see Fig. 4h
and i).
Finally, the proportion of observation time in which
piecemeal rivalry was observed was not signiﬁcantly diﬀer-
ent between the conditions (F = 0.8322, p > .05), and nei-
ther did alternation rate diﬀer between conditions
(F = 0.5619, p > .05).
4.4. Discussion
Adding an expanding motion component to the concen-
tric grating decreased the total amount of time it was sup-
pressed, as well as increasing its sum dominance compared
to the static rival. In contrast, adding contracting motiondid not aﬀect the mean of the dominance nor suppression
durations, but did aﬀect the overall time the stimulus was
dominant and the distribution of dominance durations rel-
ative to the static rival. These observations are consistent
with previous reports showing that when one rival stimulus
is moving it tends to predominate over another static one
(Blake et al., 1998; Breese, 1909; Wade & de Weert,
1986). Interestingly, these observations also show a qualita-
tive asynchrony between two directions of motion that are
otherwise equal in strength.
The most intuitive interpretation of the general predom-
inance of motion is that by adding motion to one of the
stimuli, we add a non-contested dimension to one of the
rival stimuli that therefore confers an advantage on it. That
is, from the point of view that binocular rivalry is mutually
suppressive competition between low-level inputs, adding
motion to one stimulus may boost its predominance
because there is no competing motion in the other stimulus.
In other dimensions, the two rival stimuli would compete
Fig. 4. Cumulative distributions of BR dominance durations. Dominance durations are binned then plotted cumulatively. These functions are compared
using the KS statistical test for cumulative distributions. (a–c) The results of Experiment 1. (d–f) The results of Experiment 2 and (g–i) the results of
Experiment 3. Looming and expanding concentric gratings produce a greater proportion of longer dominance durations when paired with receding
gratings. The same asynchrony occurs when motion is added to one of the rival stimulus in Experiment 3 (h and i). The d (distance between functions)
statistic and corresponding p value for each rival pair is displayed in each plot.
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tour density, mean luminance, etc. However, adding
motion to one of the stimuli, whether expansion or con-
traction, would give a competitive advantage to the motion
stimulus because its motion dimension would not be sub-
ject to inhibition from the other competing stimulus.
At the simplest level the predominance of moving rival
stimuli over static ones may be due to a reduction in con-
trast adaptation early in the visual system. Locally, the
moving stimulus produces a continuous oscillation of con-
trast levels, which will eﬀectively reduce contrast adapta-
tion. For the static stimulus, there is a constant input
which will inevitably lead to contrast adaptation. This is
signiﬁcant because models based on mutual inhibition
between inputs all predict that as one channel adapts it
weakens its suppressive inﬂuence on the other channel
which ultimately leads to a switch in dominance (Blake,
1989; Wilson, 2003). If a moving stimulus resists contrast
adaptation, but not the static stimulus, it will exert a stron-
ger suppression over its rival.Consistent with the preceding experiments, the eﬀect of
expansion was stronger than for contraction, with the
increase in mean dominance duration over the static rival
being signiﬁcant for expansion, but not for contraction.
This asynchrony may be due to an enhanced neural
response to expanding motion, as indicated in monkey
(area MSTd) physiology (Graziano et al., 1994) and human
behavioural data on the MAE (Berman & Colby, 2002).
The Berman and Colby study found that no MAE was per-
ceptible when a contracting concentric grating was
adapted. Other ﬁndings support the idea of specialised pro-
cessing of expansion; for example that neural populations
of the superior temporal sulcus (STS) preferentially
respond to looming visual stimuli (Maier, Neuhoﬀ, Logo-
thetis, & Ghazanfar, 2004) and that human observers are
biased to perceiving approaching motion in a three-dimen-
sional apparent motion task (Lewis & McBeath, 2004). An
asynchrony between expansion and contraction is not com-
pletely surprising given that the majority of our experience
of optic ﬂow arises because of forward motion and the
2670 A. Parker, D. Alais / Vision Research 47 (2007) 2661–2674likely consequence of this during development would be a
greater neural response to process this direction.
A second factor that may lie behind the increased pre-
dominance of the expanding motion stimulus is attention.
Attention to one rival stimulus makes it less likely to
become suppressed (Ooi & He, 1999) and alternation rates
can be altered by attention (Lack, 1978). Although the
eﬀects of attention in determining predominance of a stim-
ulus are relatively modest in binocular rivalry compared to
other bistable contexts (Meng & Tong, 2004), moving
objects are salient targets that can engage attention auto-
matically, and in the absence of other stimuli of interest
may continue to engage attention. Therefore, the ﬁnding
that expansion is to an extent more eﬀective than contract-
ing motion may indicate that attention, rather than simply
the strength of the motion signals, is determining its com-
parably elevated predominance.
5. Experiment 4: Flash suppression between expansion and
contraction, and moving and static stimuli
Experiment 4 uses ‘ﬂash suppression’ in an attempt to
quantify more precisely the relative strength of the two
moving concentric grating stimuli used in condition A of
Experiment 2. Flash suppression (Wolfe, 1984) is a brief
variant of binocular conﬂict in which one eye’s image is
presented before the other for a short lead time. After this
monocular lead period (or stimulus onset asynchrony—
SOA), a second rival image is presented to the other eye.
The typical result, given a lead time of a second or so
before the dichoptic phase begins, is the instant suppres-
sion of the lead stimulus. There are at least two advantages
of ﬂash suppression. The ﬁrst is that it can be used to deter-
mine the initial phase of binocular rivalry, without employ-
ing the attentional strategies of Mitchell et al. (2004) and
Chong and Blake (2006). Second, the likelihood of a per-
ceptual switch to the later stimulus can be measured as a
function of lead time to compute a psychometric function,
which is otherwise diﬃcult in traditional binocular rivalry.
In Experiment 4, we measure the threshold SOA required
for a perceptual switch from the lead stimulus to the second
stimulus, and we do this for diﬀerent pairs of rival stimuli
to clarify the biases found in the preceding rivalry
experiments.
5.1. Methods
The stimuli were exactly the same as used above in
Experiment 2 condition 1, (the linearly expanding and
contracting concentric gratings) and the static radial grat-
ings used in Experiment 3. Only the paradigm (i.e., ﬂash
suppression) was diﬀerent in Experiment 4. Four observ-
ers participated (both authors, 2 naive). All subjects had
normal or corrected-to-normal visual acuity. The two
naı¨ve observers were experienced in perceptual observa-
tion and did not participate in any of the previous
experiments.5.1.1. Condition 1: Flash suppression between expanding and
contracting gratings
Either an expanding or a contracting concentric grating
was used as the lead stimulus. Linear expansions and con-
tractions were used to ensure a consistent speed in the lead
stimulus regardless of the moment at which the second
‘ﬂash’ stimulus was delivered. The average latency required
for complete ﬂash suppression to occur was measured
across a minimum of 75 trials using the QUEST adaptive
staircase procedure (Watson & Pelli, 1983) for each of
the two possible stimulus presentation orders (expanding
lead with contracting ﬂash, and contracting lead with
expanding ﬂash). Before each trial, subjects binocularly
fused two black circular apertures presented on each side
of the monitor. Upon initiating a trial by key press, the lead
stimulus was presented to one of the eyes. The other eye
remained exposed to the binocularly presented circular
aperture ﬁlled with the mean background luminance. After
a variable period of time determined by the staircase proce-
dure, the ﬂash stimulus was presented to this eye. After the
second eye received the ﬂash, both moving gratings
remained on the screen for a further 500 ms after which
the screen returned to uniform grey. Subjects were then
required to judge whether the swap to the ﬂashed stimulus
was complete or not by pressing one of two keys on the
keyboard. The criterion for a complete swap was deter-
mined to be when the ﬂashed motion instantly and com-
pletely suppressed the lead motion. If the dominance of
the ﬂash stimulus occurred nearer to the removal of both
stimuli at the end of a trial, subjects were able to discern
this alternation from instantaneous suppression and report
it as an incomplete swap. After the subjects’ response the
empty black apertures reappeared for the next trial. The
eye given the lead stimulus was alternated on each trial
to counter any eﬀects of eye dominance and adaptation,
as was done in Experiments 1, 2 and 3.
5.1.2. Condition 2: Flash suppression between static and
contracting gratings
The same method as condition 1 except that contracting
concentric gratings were paired with static radial gratings.
5.1.3. Condition 3: Flash suppression between static and
expanding gratings
Again, the same method as condition 1 is used except
now expanding concentric gratings were paired with static
radial gratings.
5.2. Results and discussion
Results for the expanding vs. contracting and moving
vs. stationary data are shown in Fig. 5. Fig. 5a–c shows
the raw data plotted as the likelihood of complete suppres-
sion (expressed as a percentage) as a function of a particu-
lar lead time for each subject across the three conditions
shown in Fig. 5 (5a: C1, 5b: C2 and 5c: C3). From these
psychometric functions, we deﬁned the lead time corre-
Fig. 5. Flash suppression thresholds. (a–c) Threshold probabilities for complete ﬂash suppression (FS) expressed as a percentage. The x-axis shows lead
time in number of refresh frames (each 11.76 ms at 85 Hz vertical refresh rate) in decibel scale. Moving stimuli require longer lead times in order to be
suppressed by static rivals. Mean SOA’s required for FS are shown in parts d, e and f.
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ulus as the ‘critical switch duration’. The average of these
‘critical switch durations’ are graphed in Fig. 5d–f.
Fig. 5d shows how ﬂash suppression latencies vary accord-
ing to the type of lead stimulus (stationary radial grating,
expanding concentric grating, or contracting concentric
grating) with data pooled across all the conditions employ-
ing that stimulus as a lead. Stationary lead stimuli required
very short lead periods to be suppressed by either expand-
ing or contracting motion in contrast to moving leads
which required much longer lead times before being sup-
pressed by stationary or other moving stimuli. When the
ﬂash stimuli are plotted in the same fashion (Fig. 5e) a
complementary pattern emerges whereby moving ﬂash
stimuli more readily suppress a lead than stationary stim-
uli. The average critical switch duration for each stimulus
alone and for each condition are shown in Fig. 5f.For condition 1 (expansion vs. contraction), all but one
subject needed signiﬁcantly less lead time to eﬀect a com-
plete perceptual switch when the lead stimulus was a con-
tracting grating and the ﬂashed stimulus an expanding
grating (Fig. 5a). The mean critical switch duration for
expanding leads was 1.5 s in condition 1 (Fig. 5f, dark gray
bars), about one third longer than that required to produce
a perceptual switch for contracting lead stimuli (1 s). This
diﬀerence however was not statistically signiﬁcant
(t = 1.382, p > .05. One-tailed paired t-test).
Data for the static radial grating pitted against a con-
tracting (white bars) or expanding (gray bars) concentric
grating are shown in Fig. 5f which plots mean critical
switch durations for four observers. A clear trend for mov-
ing lead gratings to resist suppression can be seen for both
the contracting (t = 3.144, p < .05) and expanding direc-
tions (t = 3.359, p < .05). The absence of any direction spe-
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grating may be attributable to the transients associated
with the onset of the ‘ﬂash’ stimulus. Transients in the sup-
pressed stimulus are highly salient at promoting the sup-
pressed stimulus into dominance in binocular rivalry
(Walker & Powell, 1979) and it may well be that the tran-
sients associatedwith the ﬂash are strong enough to promote
a switch regardless of whether the lead stimulus is an expan-
sion or contraction. In regular rivalry, by contrast, these
transients are not present and the expansion bias emerges.
Also, ﬂash suppression itself is dependent upon stimulus
onsets, the presence of motion, regardless of direction
appears to have the most inﬂuence over its time scale.
6. Discussion
Overall, the mean of the critical switch durations for the
two ‘motion lead’ thresholds (contracting 1.8 s and expand-
ing 2.1 s, Fig. 5d) are more than four times greater than the
mean of the static lead conditions (0.39 s). The longer
threshold lead times for moving stimuli mean that motion
stimuli better resist a perceptual switch to the new ﬂashed
static stimuli. Static lead stimuli, on the other hand, will
readily switch to a new ﬂashed motion stimulus after only
half-a-second of lead time. Likewise, moving ﬂash stimuli
more readily suppress lead stimuli (Fig. 5e). This points
to the general salience of moving stimuli over static stimuli,
which has been previously well established in regular binoc-
ular rivalry (Blake et al., 1998; Breese, 1909; Wade & de
Weert, 1986). We can now conclude that the salience of
motion over static stimuli holds equally well in the context
of ﬂash suppression. The role of the lead time in the ﬂash
suppression paradigm is presumably to adapt those neu-
rons responsive to the lead stimulus, making a switch to
the second stimulus more likely when it is presented, simi-
lar to the role of adaptation postulated in models of binoc-
ular rivalry (Freeman, 2005; Wilson, 2003). Moving stimuli
resist this adaptation resulting in longer critical switch
durations.
Turning to the comparison of expanding and contract-
ing stimuli, we note that the lead time for the contracting
stimulus to suppress an expanding lead was not signiﬁ-
cantly longer than that for the reversed stimulus order
although a trend in this direction emerged. The diﬀerence
between this result and the predominance of expansion
found in the previous experiments is probably due to the
increased sensitivity of the ﬂash suppression paradigm to
visual transients compared to regular binocular rivalry.
Flash suppression is dependant upon a transient event, a
lead or ﬂash stimulus high in transients, such as moving
gratings, can either interfere (as lead) or enhance (as ﬂash)
this process, irrespective of direction.
7. General discussion
The preceding experiments investigated the behaviour of
expanding versus contracting stimuli, and moving versusstationary stimuli, in binocular rivalry and in ﬂash suppres-
sion. The two main ﬁndings are that there is a consistent
bias to favour expansion over contraction, and that mov-
ing stimuli strongly resist suppression in the paradigm of
ﬂash suppression, just as they are known to do in conven-
tional binocular rivalry. Both of these observations can be
understood within current accounts of binocular rivalry
and known properties of visual motion-sensitive neurons
and attentional factors.
A bias in favour of expansion was documented for bin-
ocular rivalry in Experiments 1, 2 and 3. This bias did not
depend on whether the motions expanded linearly, or non-
linearly in an accelerating fashion as they would during
typical optic ﬂow. Interestingly, in Experiment 2, we found
that the expansion bias for dominance did not occur with
the two stimuli with random spatial structure—the ran-
dom-dot motion and the ﬁltered visual noise. Only the
stimulus that was both expanding and had spatially coher-
ent contours showed the expansion bias. We suggest this is
probably due to object processing and attentional factors.
The expanding random dots and ﬁltered-noise stimuli cre-
ated percepts of surfaces undergoing expansion within a
fronto-parallel plane, but not of approaching or looming
objects. Only when there was a coherent size change (as
in the expanding concentric gratings) did an impression
of looming and expanding objects arise. For this reason
we favour an interpretation in terms of attention to a visual
object, since it is known that looming objects are salient for
grabbing attention in a stimulus-driven manner. When a
looming object is perceived, attentional orienting to the
exact location and trajectory of this object becomes of pri-
mary importance and may activate preparatory or defen-
sive movements mediated by a subcortical network
involving the superior colliculus and amygdala or by a cor-
tical network involving the ventral intraparietal area and a
polysensory zone in the precentral gyrus (Graziano &
Cooke, 2006).
We believe the predominance bias in favour of expan-
sion is not likely to be explained by early motion-sensitive
neurons. Early cortical neurons respond to local features,
and locally, the expanding and contracting motions in each
eye were equal in magnitude but simply opposite in direc-
tion. In terms of global stimulus properties, it is known
that global motions such as expansions are processed by
neurons beyond primary visual cortex, for example in
MST and STS (Duﬀy & Wurtz, 1991; Maier et al., 2004).
Therefore, if rivalry is an early process, then any bias for
global expansion must be the result of feedback from
extrastriate areas signalling looming motion and/or visual
objects on a collision path with the observer. Such feed-
back would presumably coordinate early and local binocu-
lar rivalry processes into a globally coherent ensemble.
Another factor that may lie behind the increased domi-
nance of the motion stimulus is attention. Moving objects
are salient targets that can engage attention automatically,
and in the absence of other stimuli of interest may continue
to engage attention. Attention toward or away from both
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1978; Paﬀen et al., 2006) and attention to one stimulus
has been shown to boost its predominance in rivalry (Lack,
1978; Ooi & He, 1999), although the eﬀects are relatively
modest in binocular rivalry compared to other bistable
contexts (Meng & Tong, 2004). As noted before, attention
is known to boost the response of neurons in the early part
of the visual system that represent an attended feature
(Alais & Blake, 1999; O’Craven, Rosen, Kwong, Treisman,
& Savoy, 1997; Somers, Dale, Seiﬀert, & Tootell, 1999),
particularly for basic attributes such as orientation and
motion (McAdams & Maunsell, 1999; Treue & Martinez-
Trujillo, 1999; Treue & Maunsell, 1996). Thus attended
rival stimuli are expected to be more resilient to suppres-
sion from unattended stimuli as they will be higher in eﬀec-
tive contrast and therefore stimulus strength.
There is also reason to suspect that the looming motion
may retain some salience even when suppressed. It has been
shown in an fMRI study that a fearful face undergoing a
period of rivalry suppression still produces a response in
the amygdala (Pasley, Mayes, & Schultz, 2004) despite
not being in perceptual awareness, indicating that this sub-
cortical mechanism still has access to suppressed stimuli.
This does not occur for neutral expressions, perhaps
because fearful faces are indicative of impending danger.
It is worthwhile considering that the looming objects are
also salient for attention and may too indicate impending
danger and therefore activate alternative pathways to con-
sciousness such as via the amygdala. This suggestion could
be easily tested in an fMRI study. Interestingly, the visual
pathway to the amygdala is via the superior colliculus
where neurons respond to looming movement in all modal-
ities. Therefore, the presence of a perceptually suppressed
‘looming’ object could still be present via this subcortical
loop, and from there be fed into the visual areas which pre-
sumably underlie the rivalry suppression process. This
additional source of looming response could potentially
boost the total response to the looming stimulus when it
is dominant, causing the increased predominance noted
in Experiment 1, and curtailing suppression phases for
looming stimuli.
In conclusion, these experiments have demonstrated a
robust tendency for expanding and looming contours to
predominate over receding ones during binocular rivalry.
This occurs despite the fact the two motions are equal in
motion energy and diﬀer only in direction. We suggest that
the inhibitory interactions that are essential to rivalry prob-
ably occur early in visual processing (Alais & Melcher,
2007; Blake, 1989; Tong & Engel, 2001) and that subse-
quent neural processes such as attention and global motion
processing feedback to inﬂuence and coordinate these early
rivalry processes.
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